Silica exposure is a common risk factor for lung cancer. It has been claimed that key elements in cancer development are activation of inflammatory cells that indirectly induce DNA damage and proliferative stimuli in respiratory epithelial cells. We studied DNA damage induced by silica particles in respiratory epithelial cells and focused the role of the signaling enzyme autotaxin (ATX). A549 and 16 bronchial epithelial cells (16HBE) lung epithelial cells were exposed to silica particles. Reactive oxygen species (ROS), NOD-like receptor family pyrin domain containing-3 (NLRP3) inflammasome activation, ATX, ataxia telangiectasia mutated (ATM), and DNA damage (γH2AX, pCHK1, pCHK2, comet assay) were end points. Low doses of silica induced NLRP3 activation, DNA damage accumulation, and ATM phosphorylation. A novel finding was that ATM induced ATX generation and secretion. Not only silica but also rotenone, camptothecin and H 2 O 2 activated ATX via ATM, suggesting that ATX is part of a generalized ATM response to double-strand breaks (DSBs). Surprisingly, ATX inhibition mitigated DNA damage accumulation at later time points (6-16 h), and ATX transfection caused NLRP3 activation and DNA damage. Furthermore, the product of ATX enzymatic activity, lysophosphatidic acid, recapitulated the effects of ATX transfection. These data indicate an ATM-ATX-dependent loop that propagates inflammation and DSB accumulation, making low doses of silica effective inducers of DSBs in epithelial cells. We conclude that an ATM-ATX axis interconnects DSBs with silica-induced inflammation and propagates these effects in epithelial cells. Further studies of this adverse outcome pathway may give an accurate assessment of the lowest doses of silica that causes cancer.
Introduction
Autotaxin (ATX) is a secreted enzyme that forms lysophosphatidic acid (LPA). LPA binds to plasma membrane G-proteincoupled receptors, regulating basic cellular functions including proliferation, apoptosis and migration (1) . ATX/LPA signaling has been linked to inflammatory diseases, such as allergic asthma, pulmonary fibrosis and rheumatoid arthritis (RA) (2) . A role for ATX in responses to virus infection (3) and in innate immunity (4) has also been suggested. In addition, ATX/LPA signaling promotes invasive and metastatic growth in, e.g., lung and other cancer types (5) (6) (7) .
We recently found that xenobiotics activate ATX. Thus, nM concentrations of the notorious respiratory sensitizer and suspected carcinogen toluene diisocyanate (TDI) induced ATX secretion, and TDI-exposed workers exhibited increased LPA plasma levels that correlated to symptoms. The release of ATX was dependent on purinergic receptors P2X4 and P2X7, and our data indicate a role for ATX in TDI toxicity (8) .
Crystalline silica induces silicosis and lung cancer (9) , and although this has been known for decades, new cases of severe silica toxicity are still reported (10) . The mode of action for silicainduced carcinogenesis implicates inflammation, ROS and DNA double-strand breaks (DSBs) (9) . The importance of dose for DNA damage and lung cancer has been analyzed (11) ; high doses were needed to directly affect target cells, i.e. respiratory epithelial cells, whereas lower doses induced inflammation that indirectly damage epithelial cells (11) . In accordance, International Agency for Research on Cancer (IARC) suggests a prominent role for inflammatory cells and sustained macrophage activation in cancer development (9) . This mode of action has been influential and used in risk assessments of silica (12) .
The IARC mode of action is challenged by more recent data. Epithelial cells express the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome and interleukin-1β (IL-1β) (13) , and silica activates NLRP3 and IL-1β in epithelial cells (14) . The natural ligand for P2X7, extracellular ATP, may confer silica-induced paracrine effects (15) , and the view that silica induces DNA damage via an attack of ROS on DNA (9) is questioned by the finding that monosodium urate (MSU) crystals induce an accumulation of DSBs via NLRP3 activation that inhibits DNA repair (16) . On the basis of these new data, we hypothesize that silica particles may have direct carcinogenic effects on epithelial cells.
We report that silica particles in low doses induce DSB accumulation in lung epithelial cells. Ataxia telangiectasia mutated (ATM) is activated and novel findings are that ATM activates ATX and that ATX integrates and propagates inflammatory and DNA damage responses. This ATX-mediated effect makes silica an effective inducer of DSBs in epithelial cells. This effect can be expected to drive silica toxicity at low doses.
Materials and methods

Cell culture
A549 (ATCC® CCL-185™) was obtained from ATCC (Manassas, VA, USA) in 2010 and was frozen in liquid nitrogen immediately with early passages. The cells of passage 4 were resuscitated from liquid nitrogen stocks and cultured for less than 2 months before re-initiating culture from the same passage. ATCC had authenticated the cell lines using morphology, karyotyping, and PCR-based approaches. 16HBE was provided by Prof. Dieter C. Gruenert (University of California, San Francisco, CA; Cozens) and is transformed with SV40 large T antigen (17) . The cells were cultured and were frozen in liquid nitrogen immediately upon arrival. Plates were coated with collagen and the cells were cultured for no more than 6 passages in order to maintain the phenotype. The cells were routinely examined for stable phenotype employing microscopy. A549 cells were cultured in DMEM (GIBCO, Grand Island, NY) medium supplemented with 10% inactivated fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, and 1 mM sodium pyruvate. 16HBE cells were cultured in EMEM (Lonza, Basel, Switzerland) medium supplemented with 10% inactivated fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin, and 2 mM l-glutamine. All cell lines were cultured and maintained at 37°C in humidified air containing 5% CO2.
Reagents
2′(3′)-O-(Benzoyl-benzoyl) adenosine 5′-triphosphate triethylammonium salt (Bz-ATP), Adenosine 5′-triphosphate disodium salt (ATP), N-acetylcysteine (NAC), KN62 (P2X7 inhibitor), Rotenone, Camptothecin, l-a-LPA, bafilomycin A1, and cytochalasin D were purchased from Sigma-Aldrich (St. Louis, MO). ATX inhibitor (HA130) and ATM inhibitor (KU55933) were purchased from Tocris bioscience (Tocris Cookson Ltd, Bristol, UK). The reagents were dissolved in dimethyl sulfoxide (DMSO) and the final concentration of DMSO was <0.1%. No effect of DMSO was observed.
Silica particles preparation and characterization
Crystalline silica particles (Min-U-Sil 5) were purchased from U.S. SILICA Company. Nominal diameter was 1.6 μm. Particle dispersions were characterized at concentrations of 100 mg/ml in cell culture media to measure the size distribution by Dynamic light scattering and the zeta potential. A Malvern Zetasizer (Malvern Nano-ZS90, Worcestershire, UK) was used. Silica particles were UV-irradiated overnight to avoid possible contamination. Before addition to culture medium, the silica particles were dispersed by sonication for 15 min. In some experiments, LPS alone or added to silica particle preparations was tested (Supplementary Figure S4I, 
Detection of cellular uptake of silica particles
Transmission electron microscopy: 16HBE cells were cultured in 6-well plates and exposed to 10 μg/cm 2 of silica particles for 30 min, 1, 2 and 4 h, respectively. After washing and trypsinization, the cells were centrifuged at 500 g/min for 5 min. The supernatant was removed and the cell pellets were fixed in a 0.1M glutaraldehyde solution. The pellets were then post fixed in 2% osmium tetroxide in 0.1 M PB, pH 7.4 at 4°C for 2 h, dehydrated in ethanol followed by acetone, and embedded in LX-112 (Ladd, Burlington, VT). Ultrathin sections (≈60-80 nm) were cut by a Leica ultracut UCT (Leica, Wien, Austria) and contrasted with uranyl acetate followed by lead citrate and examined with in Tecnai 12 Spirit Bio TWIN transmission electron microscope (Fei company, Eindhoven, The Netherlands) at 100 kV. Digital images were captured by using a Veleta camera (Olympus Soft Imaging Solutions, GmbH, Münster, Germany).
Small interference RNA or DNA plasmid transfection
Interference RNA (siRNA) against P2X7, NLRP3, ATM, ATR and control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cells were cultured with 40-50% confluency in six-well plates and transfected with indicated siRNA for 72 h using Lipofectamine RNAiMAX according to the protocol from the manufacturer (Invitrogen, Carlsbad, CA). Effects of siRNA treatment in control cells were checked regularly and documented ( Figure 4E and Supplementary Figure S2A and B, available at Carcinogenesis Online). Cells were transfected with control plasmid or plasmid encoding with full length of ATX or control plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Cell viability assay
Cells were exposed to different doses of silica particles for 24 h. The cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction assay. The absorbance was measured at 492 nm using a microtiter plate reader (Perkin Elmer, Victor 3V).
Intracellular ROS measurement
ROS measurement was performed using dichlorofluorescein diacetate (H2DCFDA) according to the manufacturer's instructions (18) . After the exposure to different doses of silica particles for 6 or 16 h, the cells were washed with phosphate-buffered saline (PBS) and incubated in 20 μM of DCFDA at 37°C in dark for 30 min. Thereafter, DCFDA was removed and replaced with PBS for analysis. Fluorescence intensity (excitation = 485 nm; emission = 530 nm) was measured using a microtiter plate reader (Perkin Elmer, Victor 3V). The fluorescence of silica particles was also analyzed and showed no fluorescence emission from the particles.
Enzyme-linked immunosorbent assay (ELISA) for IL-1β
IL-1β release was measured using Human IL-1β ELISA kit and in accordance with the protocol from the manufacturer (R&D Systems, Minneapolis, MN). In brief, 96-well plate was coated with capture antibody (1:100) overnight at 4°C. After washing, samples or standards were added to the wells and incubated for 2 h. Additional incubation with detection antibody and Streptavidin-horseradish peroxidase was performed before measurement of IL-1β. Concentration of IL-1β was assessed via extrapolation from a standard curve of recombinant protein.
Alkaline single-cell gel electrophoresis (comet assay)
The comet assay is based on the microscopic detection of damaged DNA fragments of individual cells and subsequent DNA denaturation and electrophoresis. The comet assay is widely used to investigate genotoxicity of environmental particles (19) . In brief, silica exposed A549 cells were embedded in agarose (0.3%) on microscope slides. The slides were placed in lysing solution and immersed in alkaline solution before electrophoresis. Then the slides were electrophoresed and air dried overnight in dark.
The dried slides were stained with propidium iodide and evaluated by fluorescence microscopy. The data were analyzed using 50-100 randomly selected cells per individual sample. Experiments were performed at least three individual times.
Immunostaining and confocal microscopy
Cells were cultured on coverslips overnight before treatment. Then the cells were washed twice with cold PBS and fixed with 4% paraformaldehyde for 15 min. After two additional washes, the coverslips were incubated with 0.1% Triton X/100 in 2% BSA in PBS for 10 min. Primary antibodies of ATX (1:200, Santa Cruz), ATM phosphorylation (pATM; serine 1981) (1:200, Cell signalling, MA), Anti-γH2AX (Ser139) (1:300, Millipore Corporation, Billerica, MA), or NLRP3 (1:200, Sigma, MO) were incubated at 4°C overnight. Then, the cells were incubated with secondary antibodies conjugated with anti-rabbit Alexa 488 or anti-mouse Alexa 594 (Life Technologies, Stockholm, Sweden) for 1 h. Cells were counterstained mounting medium (with 4′,6-diamidino-2-phenylindole) (Vector Labs, Burlingame, CA). Images were analyzed by Zeiss LSM 510 META confocal laser scanning microscope (Zeiss, Oberkochen, Germany) equipped with a ×63 Plan-Aoil-immersion lens (20, 21 ). An Agron laser was used for excitation at 488 nm and emission from 500 to 550 nm. A Helium-Neon laser was used for excitation at 543 nm and emission from 560 to 615 nm. Co-localization of indicated proteins was measured by Zeiss LSM imaging software in multi-track mode.
Western blotting
Western blotting was performed as described previously (22) . In brief, cells were collected in lysis buffer (IPB-7) and the samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA 
Quantification and statistical analysis
Western blots were quantified employing Image J. Data presented are based on four or more independent experiments. The statistical analysis was conducted using double-sided student's t-test. The data were presented as mean ± SD. Results were considered to be statistically significant at P < 0.05, P < 0.01. All experiments were performed at least three times with different batches of cells.
Results
Silica particle characterization and cellular uptake
Silica particle dispersions were characterized at concentrations of 100 μg/ml in millipore water or DMEM cell culture media. As shown in Figure 1A , the mean size of particles was 1444 nm and they exhibited a uniform size. Silica particle uptake by A549 (lung epithelial cancer cells) has been documented (23) , and as shown in Figure 1B , there was a rapid interaction between human normal lung bronchial epithelial cells (16HBE) cells and particles evident at 30 min. Extended cell membrane structures surrounding particles were seen, indicating a cellular response at this time point. At 1-4 h ( Figure 1B ) more particles-containing vesicles were seen in the cytoplasm, illustrating silica particle uptake in lung epithelial cells. We also confirmed uptake in A549 cells (Supplementary Figure S1F , available at Carcinogenesis Online.). for indicated times and cell medium was analyzed for extracellular ATX. (E) A549 cells exposed to silica (10 μg/cm 2 ) were stained for ATX (red) and 4′,6-diamidino-2-phenylindole (blue). ATX-containing vesicles were visualized by confocal microscopy (bar = 10 μm). Representative images from four independent experiments are shown. (F) 16HBE cells were exposed to silica (1 μg/cm 2 ) for indicated times. Cell lysates were analyzed for ATX and γH2AX. Cell lysate were analyzed for indicated proteins. Intracellular CDK2 was used as loading control in all WB experiments. Bars show means ± SD from more than three independent experiments, and *, ** indicate P ≤ 0.05 or P ≤ 0.01 for differences from controls.
Silica-induced DNA damage accumulation is paralleled by ATX activation
To investigate the dose relationship for DNA damage, we treated 16HBE and A549 with lower doses of crystalline silica than that used previously (11) . As shown in Figure 2A , 0.1-10 µg/cm 2 of silica particles induced a dose-dependent phosphorylation of histone H2AX (γH2AX), a marker of DNA damage, in both cell lines. However, in Supplementary Figure S1A,available at Carcinogenesis Online, 0.05 µg/cm 2 had no effect and 20 µg/cm 2 induced unproportionally low levels of γH2AX (Supplementary Figure Figure 2B ) showed similar dose-response in both cell lines. These data indicate that even low dose of silica (0.1 and 1 µg/cm 2 ) rapidly accumulated DSBs in lung epithelial cells. Figure 2C shows that ATX expression readily was increased by silica. Extracellular levels of ATX were also increased, and this effect was more pronounced with higher doses of silica ( Figure 2C ). ATX was detected in the medium (extra) after 1 h ( Figure 2D ) and increased at 6 h and more markedly at 16 h ( Figure 2D ). Confocal microscopy showed ATX-containing vesicles after 1-6 h exposure to silica ( Figure 2E ), suggesting that vesicle formation preceded secretion. This ATX activation was similar but slower than the ATX activation induced by TDI (8) . Silica-induced DNA damage accumulation and ATX activation had roughly similar time frames ( Figure 2F ). Figure 3A (A549) and Figure S2A (16HBE) show that low doses of silica significantly increase ROS generation at 6 and 16 h. Furthermore, phosphorylation of c-jun N-terminal kinase and p-38, indicators of cellular oxidative stress, were elevated after silica exposure. Increases were seen after 2 h (Supplementary Figure S1E , available at Carcinogenesis Online).
ATX generation is dependent on P2X7 and ROS
We now investigated the role of P2X7 that may induce ROS. Figure 3B (A549) and S2B (16HBE) show that KN62, an inhibitor of the P2X7 receptor, or NAC, a scavenger of ROS, decreased silicainduced ROS generation. Furthermore, KN62 or NAC reduced γH2AX levels ( Figure 3D and Supplementary Figure S2C , available at Carcinogenesis Online) in both cell lines. To verify further involvement of P2X7 and ROS on DNA damage, we used comet assay. Results show that the nuclear tail decreased with KN62 and NAC ( Figure 3C and Supplementary Figure S2D , available at Carcinogenesis Online). KN62 and NAC also reduced ATX generation ( Figure 3D ). In line with our previous study (8) , siRNA against P2X7 (Supplementary Figure S2E , available at Carcinogenesis Online) reduced ATX secretion ( Figure 3H ). Furthermore, coinhibition of P2X7 and ROS inhibited silica-induced ATX generation, as well as decreased γH2AX levels (Supplementary Figure  S2F , available at Carcinogenesis Online). These data indicate an involvement of P2X7 in DNA damage and ATX generation by silica.
NLRP3 activation induces DNA damage accumulation and ATX activation
Generation of ROS by silica in macrophages and epithelial cells results in IL-1β release through assembling of the NLRP3 inflammasome (13, 14) , and NLRP3 activation might be regarded as a first event in an inflammatory response (24) . On the basis of previous studies (16), we expected an involvement of NLRP3 inflammasome in DSB accumulation and ATX. We found that silica increased NLRP3 receptor in a dose-dependent manner and activation of caspase-1 ( Figure 3E ). Time dependency of NLRP3 inflammasome activation was further documented using 1 µg/cm 2 silica. As expected (24), NLRP3 was upregulated after 30 min exposure and further increase was seen at later time points. A release of the pro-inflammatory cytokine IL-1β was also detected. It was time ( Figure 3F and Supplementary Figure S2G , available at Carcinogenesis Online) and dose dependent ( Figure 3K and Supplementary Figure S2I , available at Carcinogenesis Online), and was inhibited by KN62 and NAC ( Figure 3L and Supplementary Figure S2J , available at Carcinogenesis Online). Silica mimicked ATP, a natural ligand of P2X7 and inducer of NADPH oxidase and NLRP3 (15) (Figure 3K and L). Our data on silica-induced NLRP3 activation in epithelial cells and IL-1β releases are in line with a previous study (14) . Confocal microscopy showed co-localization of NLRP3 and its adaptor protein Apoptosis-associated speck-like protein containing CARD (ASC) in the cytoplasm at 30 min and later time points ( Figure 3G ). We also found that when P2X7 or P2X4 receptors were downregulated by siRNA (Supplementary Figure S2E , available at Carcinogenesis Online) NLRP3 levels and caspase-1 release were reduced ( Figure 3H ), confirming a previous study (14) on a canonical NLRP3 activation. Downregulation of P2X4 was less effective and was not used further.
NLRP3 siRNA has previously been shown to inhibit IL-1β (14) , and Figure 3I shows that a downregulation of NLRP3 expression by siRNA (Supplementary Figure S2K) decreased γH2AX levels, seen at 16-h silica exposure. This inhibition of γH2AX is also in line with results obtained with MSU crystals in NLRP3−/− cells at 18 or 24 h (16). We also observed that knockdown of NLRP3 attenuated ATX activation by silica ( Figure  3J and Supplementary Figure S2K , available at Carcinogenesis Online). ATX generation was further inhibited by P2X7 inhibitors ( Figure 3J ) or by NAC ( Figure 3I and Supplementary Figure  S2K , available at Carcinogenesis Online). In Figure 3J , ATP was used as a positive control. ATP induced ATX within 1 h. ATP also induced pATM and γH2AX and all these effects were inhibited by siNLRP3 ( Figure S2L ). Levels of γH2AX and ATX were decreased below control levels when siRNA NLRP3 was combined with KN62 or NAC ( Figure 3I and J). These data suggest that P2X7-dependent NLRP3 inflammasome activation is required for silica-induced DNA damage accumulation and ATX generation.
We tested the mechanisms for silica-induced effects by employing bafilomycin A and cytochalasin D in epithelial cells. Cytochalasin D, an inhibitor of phagocytosis and actin filament assembly (14, 25) , decreased γH2AX responses and other end points (Supplementary Figure S2M , available at Carcinogenesis Online). However, the inhibitor of lysosomal acidification, bafilomycin A (25), had only weak or no effect on γH2AX (Supplementary Figure S2M , available at Carcinogenesis Online). These data further support a role of phagocytosis, as suggested by transmission electron microscopy images ( Figure 1B ) and suggest active interaction between cells and silica particles as a prerequisite for effects shown here. 
ATM phosphorylation activates ATX
ATM and ATR are two well-known kinases regulating DNA damage responses, and we investigated the involvement of ATM signaling on silica-induced ATX generation. Phosphorylation of ATM was increased by silica within 1 h in both cell lines ( Figure 4A and B and Supplementary Figure S3A and B, available at Carcinogenesis Online). The silica effect was inhibited by KN62 and NAC ( Figure 4C ). Furthermore, downregulation of NLRP3 by siRNA attenuated silica-induced pATM ( Figure 4D ). To test whether silica-induced ATM activation affected ATX, we downregulated ATM levels by siRNA ( Figure 4E and Figure  S3C ). Downregulation of ATM reduced silica-induced ATX generation and this inhibitory effect was enhanced by addition of NAC ( Figure 4F and Supplementary Figure S3D , available at Carcinogenesis Online) in both cell lines. These data indicate that silica-induced DSBs activate DNA damage signaling and that ATM mediates ATX activation.
Other DNA damaging agents activate ATM and ATX
ATM is activated by oxidative stress-induced DSBs (26) . To further investigate the dependency of ATM on ATX activation, we used well-characterized DNA damaging agents in addition to silica. Rotenone is a mitochondrial complex 1 inhibitor that induces mitochondrial ROS, and camptothecin, a topoisomerase I inhibitor, that induces DSBs independent of ROS (27) . In 16HBE cells, phosphorylation of ATM, CHK2, p53 and γH2AX all (1 mM) was added as indicated. They were stained for γH2AX. Representative images from three independent experiments are shown. (F) LPA (5 μM) was added to cells pre-treated with KN62 and cell lysate was analyzed for pATM and NLRP3. CDK2 was used as loading control in all WB. Bars show means ± SD from more than three independent experiments, and *, ** indicate P ≤ 0.05 or P ≤ 0.01 for differences from untreated cells. #, ## indicate P ≤ 0.05 or P ≤ 0.01 for differences from treated cells. occurred in response to camptothecin treatment ( Figure 5A) . Rotenone, however, clearly induced ATM phosphorylation, but only weakly pCHK2 and γH2AX ( Figure 5A ). Notably, both rotenone and camptothecin treatments increased ATX levels in both cell lines in a pATM-synchronized response, although the response to rotenone was delayed and weaker ( Figure 5A and Supplementary Figure S3E , available at Carcinogenesis Online).
To confirm further the effect of oxidative stress on ATX production, hydrogen peroxide (H 2 O 2 ), a strong oxidant, was added to both cell lines. Strong activation of ATM and downstream signaling (CHK2, p53, γH2AX) occurred after 1 h exposure to H 2 O 2 , and also ATX activation ( Figure 5B and Supplementary Figure S3F , available at Carcinogenesis Online). Furthermore, the ATM-specific inhibitor (Ku-55933) reduced ATX generation in H 2 O 2 -( Figure 5D and Supplementary Figure S3G , available at Carcinogenesis Online) or camptothecin-treated cells ( Figure  5C and Supplementary Figure S3G , available at Carcinogenesis Online), confirming a role for ATM in ATX activation. Similar results, including the involvement of ATM in ATX activation, were obtained with silica ( Figure 5E ). Taken together, our results indicated a novel mechanism for ATX activation which involves DNA damage response signaling and ATM.
ATX expression leads to additional DNA damage
Cells were pretreated with the ATX inhibitor HA130. Two concentrations were used, one 100 and one 330 nM and indicated an expected dose response ( Figure 6A , and Supplementary Figure S4A , available at Carcinogenesis Online). HA130 (330 nM) decreased basal NLRP3 levels ( Figure 6B ), suggesting that basal levels of extracellular ATX affected NLRP3. Importantly, HA130 prevented silica-induced NLRP3 activation is measured at 16 h ( Figure 6B ) and attenuated silica-induced pATM and downstream pCHK2 and γH2AX ( Figure 6A and Supplementary Figure  S4A and B, available at Carcinogenesis Online). Also ROS generation ( Figure 6C ) was decreased. Thus, these data suggest that ATX stimulated DNA damage accumulation. In Figure 6D and Supplementary Figure S4C , available at Carcinogenesis Online, we studied time aspects of HA130 inhibition of silica effects. We found that HA130 inhibited pATM increases at 6 and 16 h, but not at earlier time points. γH2AX levels followed a similar pattern. These results suggested that early (1-2 h) silica-induced DSB and pATM responses were ATX-independent, but that 6 and 16 h responses were ATX-dependent.
ATX transfections showed increase pATM, NLRP3, pCHK2 and γH2AX levels ( Figure 6E ) while control transfections did not (Supplementary Figure S4D , available at Carcinogenesis Online). The P2X7 inhibitor KN62 attenuated this activation ( Figure 6E, Supplementary Figure S4E , available at Carcinogenesis Online) and also the ROS inhibitor NAC attenuated this activation ( Figure 6E and Supplementary Figure S4F , available at Carcinogenesis Online). Confocal imaging showed γH2AX foci formation in ATX-transfected cells, and that NAC reduced the number of γH2AX foci ( Figure 6E ). As HA130 inhibited the late response to silica ( Figure 6D and Supplementary Figure S4C , available at Carcinogenesis Online), an involvement of LPA, a product of ATX enzymatic activity (1), was anticipated. Furthermore, LPA has been shown to induce a release of ATP within a few minutes (28) . We thus exposed cells to LPA and found that LPA activated NLRP3 and ATM and induced γH2AX ( Figure 6F and Supplementary Figure S4G , available at Carcinogenesis Online). Consistent with a role for ATP in this effect, KN62 inhibited these effects ( Figure 6F and Supplementary Figure S4G , available at Carcinogenesis Online). These results may explain the conundrum (13) that silica induces a slow release of ATP (15) , and taken together our data show that ATX, probably via LPA and ATP release, induces DSB accumulation.
Discussion
In this study, we show that silica particles activate ATX in lung epithelial cells. ATX activation was mediated by pATM and was preceded by a P2X7-dependent ROS generation, NLRP3 inflammasome activation and DSB accumulation. Interestingly, ATX transfection also led to NLRP3 activation and DSBs, and two phases of DNA damage induction was indicated: a first ATX-independent and a second ATX-dependent phase. Taken together, our data indicate that ATX integrates and propagates silica-induced DNA damage responses in respiratory epithelial cells.
The earliest effect shown was NLRP3 activation. We show that short-term (1 h) effects of silica on NLRP3 and on pATM were inhibited by a P2X7 antagonist and by NAC ( Figure 3B ). Furthermore, silica mimicked the effects of ATP ( Figure 3J and Supplementary Figure S2D , available at Carcinogenesis Online) (cf. (25) .). This is consistent with literature data: P2X7 and NADPH oxidase activation, increased ROS production, and NLRP3 activation (13) .
Increased levels of γH2AX and pATM were seen at 1 h and pATM was necessary for ATX activation. This argues that ATX was not involved in the early silica-induced NLRP3 activation and that ATM links an early and ATX-independent response to a later and ATX-dependent response. The notion that ATX is part of a generic cellular response to DNA damage is strengthened by our finding that different types of DNA-damaging agents induced ATX. The question remains, however, how ATM activates ATX. ATM regulates tumor necrosis factor (TNF) -nuclear factor-kappaB (NF-κB) signaling (29) , which might activate ATX (30) . If TNF-NF-κB signaling e.g. regulates ATX secretion as a first step in ATX activation, this may initiate ATX synthesis (8) .
Further evidence for an early ATX-independent DNA damage response and a second ATX-dependent DNA damage response was obtained by using the ATX inhibitor HA130; HA130 did not inhibit the initial pATM and γH2AX responses to silica, but only the later responses ( Figure 6D ). Additional support is seemingly biphasic responses in some experimental settings ( Figure 3F ). An ATX-dependent activation of DNA damage response was also shown by ATX transfection and by LPA addition ( Figure 6E and F). We thus conclude that ATX is activated by an early silicainduced NLRP3-DSB-ATM response, and that ATX then induces a second NLRP3/DSB response. This is depicted as a loop in Figure 6G , but might include paracrine effects in neighboring cells. Activation of extracellular loops in inflammatory cells, and involving ATP and P2X7, has been discussed previously (31) . Our data suggest an involvement of ATX and LPA in such loops, at least in epithelial cells.
In support of our model ( Figure 6G ), DSB-and ATM-dependent inflammatory loops have been suggested previously. Thus, one study describes an amplified innate immune responses to virus in A549 cells (32) , and another study describes an amplified senescence response in other cell types (33) . An additional comment is that if the scenario in Figure 6G captures a major function of ATX in lung epithelial cells, it may explain why genetic or pharmacological manipulations of ATX levels in these cells better relate to chronic lung pathology such as fibrosis or cancer than to acute effects (34) .
It has been suggested that silica-induced release of basic fibroblast growth factor and high mobility group box 1 protein from bronchial epithelial cells have a role in lung fibrosis (14) .
An involvement of ATX in liver fibrosis and liver cancer was recently documented (35) , and there are studies implicating ATX or LPA in idiopathic pulmonary fibrosis (IPF) (36) and bleomycininduced fibrosis (37) . Furthermore, an unbiased genetic study on lung fibrosis in mice (38) provides additional support. There are thus ample support for a role of ATX in lung fibrosis. Both silica (15) and bleomycin (39) induce ATP release, so taken together with our data, an ATX-LPA-ATP-P2X7 axis might be suggested as a common factor in lung fibrosis. Of possible further interest is that epidemiology suggest stone cutting, a job associated with silica exposure, as a risk factor for IPF (40) , so cases of silicarelated chronic lung disease might occasionally have been diagnosed as IPF.
ATX may have role in RA (2), and our data strongly support epidemiology associating silica exposure and RA (41, 42) . NLRP3 activation as well as ROS and DSBs are linked to inflammation and autoimmunity (43) . We showed an ATX-amplified DSB accumulation and we characterized a novel signaling pathway, the ATM-ATX axis, that links DNA damage and inflammation. Silica induced autoimmunity (44) and immunological effects of damaged DNA have recently been highlighted (32, (45) (46) (47) , and further studies are warranted.
It has been argued that unrealistically high silica doses is needed to cause DNA damage in lung epithelial cells in humans, and inferred that silica-induced lung cancer is a consequence of inflammation (9, 11) . Using lower doses than previously employed in cell models, we show that DNA damage is an integrated part of inflammatory responses in epithelial cells, and that ATX effectively propagates these effects. It may be suggested that this mechanism is part of an alternative and more direct mode of action than the one suggested by IARC (9) .
More studies are needed to support this reasoning. Of interest is if an amplified DNA damage response may activate apoptosis, although this was not apparent in our cell models. Another question is if the inflammation-stimulated epithelial cell proliferation, highlighted by IARC as a factor of critical importance for silica carcinogenicity (9) , is mediated by ATX. Of obvious interest is also to establish a critical air level that causes DSBs. Borm et al (11) . claim that the amount of silica deposited in proximal alveolar region (PAR) in vivo might be informative as the PAR dose is comparable to the in vitro cell culture dose (expressed as μg/cm 2 ). Rats inhaling silica at a level of 0.1 mg silica/m 3 for 4 weeks deposited 43 μg silica in their lungs, as measured 1 week after the exposure (48) . It can be assumed that silica was mainly confined to the PAR, as except the PAR the bronchial tree should have been cleared from silica 1 week after the exposure (11) . Furthermore, assuming a PAR area of about 450 cm 2 in rat (11) an estimate of the PAR dose is then 0,096 μg/cm 2 , which is close to our DNA damaging dose of 0,1 μg/cm 2 . It may thus be speculated that 0.1 mg silica/m 3 for 4 weeks induces DSBs, but this needs to be confirmed by more experimental data.
Our data argue against the not uncommon notion that lung cancer is a sequel of silicosis. This question has been debated for many years, but has not been settled by epidemiological techniques (49, 50) . Epidemiology, however, suggests that both silicosis and silica-induced lung cancer are 'critical effects' for silica exposure (12) , implying that the lowest adverse-effect dose is associated with silicosis and with lung cancer. This suggests a common mechanism, for example the epithelial-centered mechanism discussed here.
In summary, we found that very low doses of silica effectively induce inflammation and accumulation of DNA damage in lung epithelial cells, and that a signaling protein, ATX, interconnects and propagates these effects. ATX makes silica particles very efficient inducers of DSBs in epithelial cells. This epithelial-based mechanism might be the most sensitive target for silica particles, and its further characterization as an adverse outcome pathway should help defining acceptable levels of silica exposure.
Supplementary material
Supplementary data are available at Carcinogenesis online.
